We study a polar-crown prominence with a bubble and its plume observed in several coronal filters by the SDO/AIA and in Hα by the MSDP spectrograph in Białków (Poland) to address the following questions: what is the brightness of prominence bubbles in EUV with respect to the corona outside of the prominence and the prominence coronal cavity? What is the geometry and topology of the magnetic field in the bubble? What is the nature of the vertical threads seen within prominences? We find that the brightness of the bubble and plume is lower than the brightness of the corona outside of the prominence, and is similar to that of the coronal cavity. We constructed linear force-free models of prominences with bubbles, where the flux rope is perturbed by inclusion of parasitic bipoles. The arcade field lines of the bipole create the bubble, which is thus devoid of magnetic dips. Shearing the bipole or adding a second one can lead to cusp-shaped prominences with bubbles similar to the observed ones. The bubbles have complex magnetic topology, with a pair of coronal magnetic null points linked by a separator outlining the boundary between the bubble and the prominence body. We conjecture that plume formation involves magnetic reconnection at the separator. Depending on the viewing angle, the prominence can appear either anvil-shaped with predominantly horizontal structures, or cusp-shaped with predominantly vertical structuring. The latter is an artifact of the alignment of magnetic dips with respect to the prominence axis and the line of sight.
INTRODUCTION
Solar filaments, or prominences when viewed at the solar limb, are cool (10 4 K), dense plasma structures embedded in the hot, multi-million kelvin corona. They are typically observed above the magnetic polarity inversion lines (Tandberg-Hanssen 1995) . Depending on the size and strength of the magnetic polarities in their neighborhood, filaments can be categorized as active region, intermediate, and quiescent.
Filaments are typically observed in chromospheric lines (Hα, Ca ii H, or K) as dark features. They consist of a main body and lateral feet. The main body is usually continuous, with a straight or curved shape. The feet are lateral protrusions extending from the filament main body and reaching down to the underlying chromosphere (Martin et al. 1994) . The feet have preferred orientation following the hemispheric chirality rules (Martin et al. 1994; Martin 1998) and can be quite large, especially in quiescent prominences, where their projected size can be greater than 10-20 Mm. Both the filament body and feet consist of individual subarcsecond threads (e.g., Mein & Mein 1991; Mein et al. 1994; Schmieder 1992; Kucera et al. 2003; Lin et al. 2005a Lin et al. , 2008 Lin et al. , 2009 Chae et al. 2006 Chae et al. , 2007 Gunár et al. 2007 Gunár et al. , 2008 . These threads appear quasi-horizontal when observed on the solar disk, but they may appear horizontal or vertical on the solar limb (Dunn 1960; Chae et al. 2008; Heinzel et al. 2008; Berger et al. 2008 Berger et al. , 2010 ; but see also Wang 5 Also at Astronomical Institute of the Academy of Sciences of the Czech Republic, Fričova 298, 25165 Ondřejov, Czech Republic. 6 Also at Observatoire de Paris, LESIA, UMR 8109 (CNRS), F-92195 Meudon Principal Cedex, France. 7 Currently at NASA Marshall Space Flight Centre, VP-62, Huntsville, AL 35812, USA.
et al. 1998) . While the observations of threads alone can be difficult to interpret due to projection effects, examination of flows in the apparently vertical threads shows a large horizontal velocity component (Chae et al. 2008; Schmieder et al. 2010 ). This suggests that the vertical structures may be only stacks of individual horizontal features (see also Poland & Mariska 1988; Heinzel et al. 2001; Dudík et al. 2008) . Horizontal features aligned along magnetic field are also required by models, e.g., of merging prominences or models of the condensation of prominence material due to thermal nonequilibrium (Karpen et al. 2005 (Karpen et al. , 2006 .
A sub-class of quiescent prominences are quiescent polarcrown prominences, first discovered by Secchi (1872) . They occur in quiet-Sun regions roughly between solar minimum and the following maximum, during which the zone of their occurrence migrates toward the poles (e.g., Waldmeier 1957 Waldmeier , 1973 Mouradian & Soru-Escaut 1994; Minarovjech et al. 1998 Minarovjech et al. , 2011 Ambrož & Schroll 2002) . Polar-crown prominences can appear to be feet-dominated (e.g., Schmieder et al. 2010) , with the main body visible only weakly or not at all.
Polar-crown prominences observed on the solar limb recently came back to attention because the high-resolution observations made by the Solar Optical Telescope (SOT; Tsuneta et al. 2008) on board the Hinode satellite (Kosugi et al. 2007 ) enabled the discovery of the so-called plumes, rising upflows surrounded by apparently downflowing prominence material (Berger et al. 2008 . The plumes were found to originate and recur at boundaries of bubbles below prominences. These kinds of phenomena had already been observed by, e.g., Dunn (1960) and Stellmacher & Wiehr (1973) . The boundary between the bubble and the prominence is often outlined by a bright, continuous arch-like rim. However, the interior of bubbles and plumes appears dark when observed in chromospheric lines (Dunn 1960; Stellmacher & Wiehr 1973; De Toma et al. 2008; Berger et al. 2008 Berger et al. , 2010 Ryutova et al. 2010) . Since the overlying quiescent prominence is bright at these wavelengths, this implies a relatively low-density material at chromospheric temperatures along the line of sight containing the bubbles and plumes .
In ultraviolet coronal lines (λ < 912 Å which is the head of the Lyman H continuum), observed, e.g., by the Coronal Diagnostic Spectrometer (CDS) and Solar Ultraviolet Measurement of Emitted Radiation (SUMER) spectrometer on board the Solar and Heliospheric Observatory (SOHO) spacecraft, as well as in the EUV coronal lines, prominences are mostly observed in absorption. This is caused by photoionization of the neutral H, as well as He i and He ii, by the coronal radiation passing through the prominence (e.g., Kucera et al. 1998; Chiuderi Drago et al. 2001; Heinzel et al. 2001 Heinzel et al. , 2003 Schmieder et al. 2004; Anzer & Heinzel 2005) . When observed with the Hinode/EIS instrument in the Fe xii 195.12 Å line, the prominence also appears dark while the bubble and plumes are relatively bright . We note that the optical thickness of the prominence continua at the wavelength of the Fe xii 195.12 Å line is comparable to the optical thickness in the Hα line (Anzer & Heinzel 2005) . In the observations of the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Observatory (SDO; Lemen et al. 2012) , the prominences also appear dark in the images obtained with the 193 Å filter because the Fe xii line dominates the 193 Å channel . Other SDO/AIA channels, e.g., 131 Å and 171 Å, show prominence-related emission due to the prominence-corona transition region (PCTR) that can be superimposed over the absorbing plasma along the line of sight (e.g., Parenti et al. 2012) . This PCTR can be as hot as 4 × 10 5 K and the 131 Å and 171 Å channels are dominated by Fe viii and Fe ix emission, respectively.
To explain the formation of bubbles and plumes, Berger et al. (2010) proposed that they are thermally unstable and buoyant. The brightness of the bubble and plumes in the 171 Å channel relative to the nearby corona led Berger et al. (2011) to argue that bubbles and plumes contain plasma at transition region or coronal temperatures, which together with the density difference could provide the source for buoyancy, driving the Rayleigh-Taylor instability and leading to formation of plumes. To determine whether the bubbles were intrinsically brighter than the quiet corona in the neighborhood of the prominence, Labrosse et al. (2011) and Berlicki et al. (2011) revisited one of the prominences analyzed by Berger et al. (2010) containing a recurrent bubble below. To quantify the amount of heated plasma in the bubbles, these authors used observations obtained a day later in the Hinode/EIS Fe xii and SOHO/SUMER C iii lines, respectively. These authors did not confirm the hypothesis of brighter bubbles and plumes. They concluded that the intensity inside the bubble was not enhanced, but reduced with respect to the intensity of the nearby corona.
Numerical simulations of the Rayleigh-Taylor instability were performed by Hillier et al. (2011 Hillier et al. ( , 2012 . These authors assumed the existence of magnetic dips in both the bubble and the overlying prominence, and found that perturbations excite interchange of magnetic field lines. The model was able to explain the observed rising plumes, their sizes and velocities, accompanied by downflows of prominence plasma. We note that the assumption of magnetic dips everywhere in the computational domain is essential in these models. Without this assumption, the evolution then might not be governed by the ideal interchange of field lines between the bubble and the prominence. In particular, different field geometries possibly might not allow the instability to grow.
The dipped geometry of the magnetic field was first proposed as a viable support for prominence material by Kippenhahn & Schlüter (1957) and Kuperus & Raadu (1974) . Since then, models of magnetic fields involving dips occurring naturally at the bottom of magnetic flux ropes were found to be able to explain many features of observed filaments and prominences, including chirality, location, and shape of the filament, disruptions in the filament, inclination of magnetic field inside the filament, and filament evolution (e.g., Aulanier et al. , 1999 Aulanier et al. , 2000 Aulanier & Schmieder 2002; Lionello et al. 2002; Gibson et al. 2002; Régnier & Amari 2004; van Ballegooijen 2004; Schmieder et al. 2006; Dudík et al. 2008; Mackay & van Ballegooijen 2009; Mackay et al. 2010; Canou et al. 2009; Canou & Amari 2010; Török et al. 2011) . The distribution of magnetic dips gives a good match to the observed shape of the filament even if not all dips are located in a flux rope (Guo et al. 2010) . Magnetic dips associated with filament feet were indeed inferred from vector magnetic field observations ).
Considering the above, it is not clear why the magnetic field geometry in the bubble or plume, which appears to be devoid of prominence material, should be that of a magnetic dip. and showed that dip-free gaps between prominence feet appear naturally as a consequence of the parasitic polarities in the filament channel. These gaps are overlaid by the continuous prominence main body and correspond to the local arcade-like field lines Dudík et al. 2008 ) rooted in the same parasitic polarities causing the existence of prominence feet. The feet and associated gaps are often quasi-periodic if the parasitic polarities are that of the solar magnetic network (e.g., Sýkora 1968; Ploceniak & Rompolt 1973; Wang 2001; Lin et al. 2005b) . If the geometry of the magnetic field in the bubble or plume is that of a local arcade, it is possible that the connectivity of the field lines passing through the bubble or plume is different from the connectivity of the prominence magnetic dips. This would lead to the appearance of separatrices or quasi-separatrix layers (Priest & Démoulin 1995; Démoulin et al. 1996 Démoulin et al. , 1997 , as noted already, e.g., by Dudík et al. (2008) . This idea is investigated in detail in the present paper. This paper is organized as follows. The observations of a polar-crown prominence made by various space-borne and ground-based instruments are presented in Section 2, where the data analysis is also performed. A description of the modeling procedure is given in Section 3. Section 4 reports on the models of quiescent prominences produced, where various geometries are considered and the topology of the resulting magnetic configuration is studied. The results are discussed in Section 5.
OBSERVATIONS AND DATA ANALYSIS

Magnetic Field and the Hα Filament
We analyze a polar-crown prominence observed on 2011 April 20 on the northwest solar limb at latitudes of ≈70
• -80
• . This prominence was part of an extensive very quiescent filament. The filament lay along a magnetic inversion line surrounded by weak magnetic polarities littering the filament channel. In Figure 1 time corresponds to the location of the prominence at the central meridian. To increase the signal-to-noise ratio, a 3 minute average from five individual snapshots is shown. The magnetogram is saturated to ±30 G to better show the presence of small magnetic polarities. A few stronger flux concentrations are present. We note that the presence of magnetic bipoles with |B z | > 50 G in quiescent filament channels is quite common (Chae et al. 2001) . However, at latitudes of ≈70
• , the longitudinal component of the magnetic field is nearly horizontal with respect to the solar surface. This makes it difficult to discern the polarity inversion line or identify individual polarities. However, at lower latitudes of approximately 65
• , the magnetic field is predominantly positive. This gives some indication as to the global magnetic field configuration (see also Sections 3.1 and 5.1).
On 2011 April 16 two small dark features are identifiable in the Hα spectroheliograms. They are denoted as F1 and F2 in Figure 1 , with F1 lying at slightly lower altitude and eastward of F2. The estimated distance between F1 and F2, taking into account the solar curvature, is ≈70 Mm. We note that such fragments are commonly observed (e.g., Schmieder et al. 2010; Berger et al. 2010 ) and interpreted as the filament feet, with the main body of the filament being invisible due to insufficient contrast. In the AIA 304 Å images of 2011 April 16, the filament is not detectable due to its high latitude and weak density.
Prominence in Hα Observed by MSDP
The prominence was observed on 2011 April 20 by the Multichannel Subtractive Double-Pass (MSDP) spectrograph on the Large Coronagraph in Białków (Poland) between 08:00 and 09:30 UT with a cadence of approximately 2 minutes. The MSDP spectrograph has a nine-channel prism box creating 0.4 Å steps in wavelength between consecutive channels forming spectro-images. These consecutive channels cover exactly the same area on the Sun (325 × 41 arcsec 2 ), but each of these is recorded in a slightly shifted waveband in relation to others (Zapiór & Rudawy 2010) . The observations are made in the Coudé focus of the Large Coronagraph and consist of series of spectro-images 305 × 140 arcsec 2 with 1/3 overlap in each time sequence. They are processed with the MSDP software developed by Mein (1991) and Rudawy (1996) . Due to the rotation of the field of view, the images were derotated and translated numerically into a common reference frame. Figure 2 shows maps of the Hα line center intensity for two times: 08:42 and 08:48 UT. These observations have already been briefly reported in Schmieder et al. (2012) . The prominence consists of two cusp-shaped parts. Identification of these parts with F1 and F2 observed on the solar disk is difficult. The observational perspective is nevertheless compatible with the latitudes of F1 and F2, with F1 lying at lower altitude and in front of F2.
A bubble in the Hα images is well identified as a semicircular structure visible from 07:34 UT (beginning of the observations in Białkóv) to 08:59 UT as a dark void relative to the prominence observed in emission ( Figure 2 ). The dimensions of the bubble are estimated to be 8 Mm high and 16 Mm wide at 08:30 UT, the speed of the bubble rising to 1.5 km s −1 between 08:00 and 08:30 UT. Subsequently, a plume formed, and detached from the top of the bubble. It then rose, reached nearly to the top of the prominence, and then faded by dispersion. During that time a second plume formed at the top of the bubble. This looks to be a recurrent phenomenon. The plume rise speed between 08:30 and 08:55 UT is estimated to be approximately 10 km s −1 . The evolution of the bubble/plume system is relatively faster compared to the evolution of parasitic polarities related to prominence footpoints. The parasitic polarities typically evolve in a few hours in the Michelson Doppler Imager (MDI) magnetograph . With a high time resolution and better sensitivity instrument, we would be able to see faster changes in the emergence of new polarities. The evolution of the bubble and plume is shown in the time-sequence animation available in the online version of the journal. Figure 2 shows observations of the prominence by the SDO/ AIA instrument (Lemen et al. 2012) in the 193 Å channel for three times. The prominence observed in absorption is remarkably similar to the prominence in emission in Hα (e.g., Heinzel et al. 2008) . This is because the optical thickness of the prominence in the vicinity of the Fe xii 195.12 Å line is comparable to the optical thickness in the Hα line (Anzer & Heinzel 2005) .
SDO/AIA Observations
The coronal cavity surrounding the prominence is well visible in the AIA 193 Å observations. The cavity extends to much greater heights than the prominence, with intensity progressively diminishing with increasing height. The coronal cavity is an indication of the prominence flux rope (e.g., Low & Hundhausen 1995; Dudík et al. 2008; Gibson et al. 2010) .
In the AIA 304 Å observations, dominated by He ii emission, the prominence looks markedly different, as first pointed out by Wang et al. (1998) (Figure 2 , top left). At this wavelength, the prominence is much more extended than at 193 Å. The He ii 303.8 Å lines are formed mainly due to scattered light and are weakly sensitive to the temperature of the prominence plasma (e.g., Andretta et al. 2003; Labrosse et al. 2010b , and references therein).
Both observed parts of the prominence show vertical structures in Hα and AIA 193 Å. These vertical structures are not distinguishable in the He ii observations. On the contrary, there is a quasi-horizontal structure located on the cusp of F1, resembling an anvil. This structure is not visible in the Hα and 193 Å observations. The He ii anvil structure seems to be connected to F2 lying further behind. However, this apparent "connection" is difficult to verify, since the prominence is observed almost along the F1-F2 axis. Assuming the distance between F1 and F2 to be ≈70 Mm (Section 2.1) and taking into account the projected distance between the 193 Å cusps of F1 and F2, the viewing angle is ≈17
• with respect to the F1-F2 axis. A large coronal bubble is observed below F2 (Figure 2) . This bubble appears to be associated with an area of enhanced chromospheric emission in the AIA 304 Å observations (bright point), denoted by an arrow in Figure 2 (top left). The presence of such a bright point near the bubble was also reported by Berger et al. (2011) for their observed prominence. We note that the enhanced emission in 304 Å is usually observed above magnetic flux concentrations (Ravindra & Venkatakrishnan 2003b) , of which there are several in the immediate vicinity of the prominence. The presence of many bright points along the inversion line polarity could be the signature of flux concentrations in the filament channel (Figure 1 , bottom). We note that the presence of a magnetic polarity that close to the limb cannot be verified directly using the longitudinal SDO/HMI observations. Moreover, since the lifetimes of such magnetic polarities are about a day or shorter (Harvey & Martin 1973; Chae et al. 2001; Ravindra & Venkatakrishnan 2003a) , they would not be present on disk in magnetograms taken several days earlier.
We do not use the AIA observations in the 131 Å and in 171 Å filters. These observations have already been presented in Schmieder et al. (2012) , where it was shown that the appearance of the prominence in these two wavelengths was very similar to the He ii prominence. This is because these AIA filters contain Fe viii and Fe ix lines that are formed at transition region temperatures of up to 4 × 10 5 K (Parenti et al. 2012) . We note that the brightness enhancement reported by Berger et al. (2011) for the plume could be due to this contamination, and therefore represent the PCTR of all the prominence and not the plasma inside the plume. This is still an open question.
Contrast of the Bubble
The bubble and plume are brighter than the prominence in AIA 193 Å (Figure 2 ). To quantify the brightness excess, we constructed radial cuts crossing the bubble, the plume, the cavity in its central part, and the corona nearby the prominence (on its left side to avoid the abnormally bright corona on its right side). The locations of the cuts are indicated in Figure 3 . The cuts are constructed for the three times corresponding to the observations in Figure 2 . We used a pixel size equal to 0.3 arcsec, half of the resolution of AIA, in order to have better accuracy for the positions. The intensity variations along these cuts are presented in Figure 4 . The limb is located at x = 40 pixels in order to compare the brightness of each structure at the same altitude.
The AIA 193 Å intensities at a given altitude clearly show that neither the bubble nor the plume is brighter with respect to the corona outside of the prominence. The contrast of the plume compared to the neighboring prominence (Figure 4 , bottom) can be darker by 30%. This number is comparable with the number given in Berger et al. (2010) . However, this number is really misleading because the measurement of such a contrast reflects the results of two opposite mechanisms. On one hand, the absorption of coronal radiation at 193 Å through the prominence is the main effect and, on the other hand, the lowering of the coronal emission in the bubble and plume may be the result of three different effects: first, the presence of low-density, cool structures in or in front of the bubble or plume; second, the presence of a large-scale cavity around the prominence; or third, missing emission due to volume blocking in the bubble or plume. The AIA data are not really appropriate for disentangling these effects. However we note that, based on the analysis of Hα data, Heinzel et al. (2008) showed that there can be low-density cool structures present at the location of their bubble. Labrosse et al. (2011) and Berlicki et al. (2011) confirmed that the emission of the transition region lines they studied can be reduced at the location of the bubble in one of the prominences presented in Berger et al. (2010) .
From our present study, we can only conclude that the total coronal emission along the line of sight through the bubble or the plume is lower than the emission of the corona near the prominence, and that the emission of the bubble and the plume is of the same order as the cavity. The impression of brightness excess in the bubble and plume (Figures 2 and 3) is just due to the fact that bubbles and plumes are inserted in dark prominences. Therefore, bubbles and plumes could be just gaps or windows in the prominence, through which the ambient corona and/or the cavity is seen.
MODELS OF QUIESCENT PROMINENCES WITH BUBBLES
To investigate the magnetic structure of the prominence bubbles, we constructed models of the magnetic field of the prominences observed. We used the well-tried linear force-free magnetic field configurations. This was motivated by the work of and subsequent work (Aulanier et al. , 1999 which capture many of the observed properties of Hα filaments. If the vertical component of the magnetic field is available, this method can predict the observed shape of the Hα filament (Aulanier et al. 2000) . This work represents the first attempt to model observed prominences as opposed to filaments. Since we have no direct information about the vertical component of the photospheric magnetic field in the vicinity of the observed prominences (Section 2), we substituted the observed magnetogram with synthetic ones containing a variety of magnetic bipoles. We then studied the general resulting configurations.
The Linear Force-free OX Flux Rope
We assumed the initial existence of a weakly twisted, linear force-free magnetic flux rope. The linear force-free field satisfies the condition
where B is the magnetic field induction and α = constant is the force-free parameter. In the following we will assume locally Cartesian geometry, where x and y are the coordinates in the photospheric plane and z is the vertical coordinate. The boundary conditions can be represented by the portion of a magnetogram, i.e., the B z (x, y, z = 0) component, where
The solution of this equation can be written in the form of Fourier transformations in x and y (e.g., Alissandrakis 1981) :
where b n x ,n y is the (n x , n y )-th Fourier harmonic,
The physically meaningful solutions of Equation (1) must obey the condition α < α max , where
The simplest magnetic field configuration creating the flux rope consists of only three Fourier harmonics (b 1,0 , b 2,0 , b 3,0 ), combined with a relatively high value of α/α max 0.9 . The flux rope can be created by a variety of translationally invariant 2.5D magnetic topologies independent of y. We chose the well-tried OX topology, where an O-type field line exists above an X-type null point. This is a Kuperus & Raadu (1974) -type configuration with a flux rope detached from the photosphere, resulting in an inverse-polarity prominence. We build our OX topology using α/α max = ± 0.99, b 2,0 = −0.83b 1,0 , and b 3,0 = 0.71b 1,0 , as in and Aulanier et al. ( , 1999 Aulanier et al. ( , 2000 . The photospheric magnetic field, saturated to ±20 G, is shown in Figure 5 (left). The magnetic dips existing in the OX flux rope are shown in Figure 5 (right). These dips are located between 4 Mm and only 9 Mm of altitude above the magnetogram. The corresponding B z (x, z = 0) is shown in Figure 1(d) in . The photospheric field is bipolar, with two lanes of the same polarity on one side of the polarity inversion line at x = 0. The maximum values of B z are scaled to be approximately ±20 G. Since the observed prominence is located in the northern hemisphere, its chirality is most likely dextral (e.g., Martin et al. 1994; Martin 1998) ; we therefore choose a negative value of α, i.e., α/α max = −0.99 Aulanier et al. 1999) .
Bipoles Perturbing the Flux Rope
The presence of polarities with flux crossing the large-scale x = 0 polarity inversion line can perturb the flux rope and create openings in the distribution of prominence magnetic dips, or even locally destroy it (e.g., Schmieder et al. 2006; Dudík et al. 2008; Mackay & van Ballegooijen 2009) , depending on the magnetic configuration. Our aim is twofold: first, we wish to explore what kind of magnetic field configurations can create prominence bubbles. Second, if possible, we would like to establish which of these could correspond to the observed prominence (Section 2). Mackay & van Ballegooijen (2009) found that the distribution of magnetic dips is a reasonable indication of the extent of the Hα prominence. Therefore, large bubbles spanning up to tens of Mm are unlikely to be constituted by magnetic dips. But, if the field geometry in the bubbles is not that of a magnetic dip, it must be that of an arcade.
Because we do not have any direct information about the vertical component of the polarities present in the observed filament channel, we perturb the OX topology created simply by the inclusion of a parasitic bipole. The bipole is inserted using the method of Démoulin & Priest (1992) . This choice is motivated by the fact that such a bipole should locally lead to magnetic connectivity (arcade) over the x = 0 inversion line. We note that the case of multiple bipoles consisting of dominant polarities has already been treated by Schmieder et al. (2006) . Such bipoles do not lead to a bubble, but disrupt the filament body. This disruption occurs even if the B z amplitude of the bipolar magnetic field is comparable to the B z created by Fourier harmonics.
The inserted bipole consists of two quasi-circular polarities. The absolute values of their fluxes are set to be equal to preserve the flux balance in the model. The bipole can be characterized by multiple free parameters, e.g., the location and depth of the charges and the magnitudes of the charges themselves. We chose the depth z = −5 Mm, distance 5 Mm, and set the value of the charge so that the maximum magnetic field at z = 0 is approximately ±50 G. Such polarities are strong enough to perturb the OX flux rope, but much weaker than the polarities in the channel of a quiescent filament observed by Aulanier et al. (1999) . We chose such a small value because there are only a few strong flux concentrations observed in our filament channel (Section 2.1) and the observed prominence is extremely quiescent. Also, in the absence of direct observational constraints on B z , we can only note that varying the maximum B z of the bipole or the separation of the charges would only lead to changes in the bubble size.
RESULTS
Unsheared Configuration
Initially, the charges are placed so that the bipole axis forms a right angle with respect to x = 0, i.e., there is no magnetic shear between the bipole polarities. In Figure 6 (right column), the dipped portions of the field lines are drawn in red. These dips are drawn up to a height of 0.3 Mm, corresponding to the pressure scale-height at prominence temperatures , Equation (26) therein). Inclusion of the bipole locally modifies the three-dimensional magnetic topology from OX to OF ). This means that there are arch-like field lines crossing x = 0 and connecting the bipole polarities. An example of such field lines is plotted in pink in Figure 6 (top right). These arcade-like field lines locally remove magnetic dips below the main body of the prominence. The local change of topology also leads to an increase of the height of the filament main body because additional dips can exist at greater altitudes Figure 2 therein) . The increase in height of the perturbed flux rope was noted also by Mackay & van Ballegooijen (2009) .
The global effect of the bipole is the creation of the bubble and two dextral prominence feet in its immediate surroundings ( Figure 6, top right) . The vertical extent of the bubble is ≈11 Mm, while the maximum vertical extent of the prominence is 24 Mm, 2.5 times higher than the unperturbed, translationally invariant OX flux tube. The prominence feet exist above portions of the secondary inversion lines produced by the bipole (cf. ). The feet are connected to the prominence body. The foot due to the negative parasitic polarity is located in the upper right quadrant of the magnetogram (x, y > 0), while the opposite foot lies at x, y < 0. Due to the shape of these two feet, the visibility of the bubble depends on the viewing angle. If we define the viewing angle φ to be zero when looking along the prominence long axis (i.e., with respect to the y-axis), the bubble is visible only when viewed at an angle of φ ∈ (10
• , 90 • ) and ±180
• , otherwise it is obscured by the feet. The boundary between the bipole arcade and the dipped field lines of the prominence and its feet is given by the fan surfaces of a pair of magnetic null points associated with the bipole. The null points are located ≈0.5 Mm above the photosphere near the secondary inversion lines. The spine and fan field lines of the negative and positive null points are shown in dark blue and yellow, respectively. The starting points for tracing the several fan field lines plotted are equally distributed in the fan plane. The fan field lines are preferably oriented in the direction through the bubble. This is due to the ratio of the two eigenvalues corresponding to the fan plane, which is ≈0.62.
The fan surfaces of the two null points intersect, forming a separator (e.g., Baum & Bratenahl 1980; Longcope 2005) . Since the separator is extremely difficult to trace, we found it manually by trial and error. It is plotted as a thick cyan line in Figure 6 (top right). The separator passes through the bubble, but it does not outline the distribution of magnetic dips everywhere, in particular not at its highest point. In fact, the small volume above the separator and below the dips of the flux rope is still filled with upward-bent portions of the field lines forming dips in the feet. A portion of such field lines actually belong to either fan surface.
We note that the appearance of the null points above secondary inversion lines associated with the prominence feet is a natural consequence of the locally quadrupolar configuration and the current in the model (α/α max = −0.99).
Even with a rather simple photospheric magnetic configuration, the magnetic configuration of the resulting bubble is quite complex, consisting of an arcade, intersecting fan surfaces, and field lines dipped in the nearby feet.
Sheared Configurations
We next shear the parasitic bipole by changing the positions of the polarities along the prominence axis. Shearing it in the positive direction (i.e., moving the negative polarity to y > 0 and the positive polarity to y < 0) results in disruption of the filament, as the distance between the two opposite feet increases. The shear in the negative direction causes the portions of the secondary inversion lines occupied by the feet to approach each other. They join and form an S-shaped curve passing symmetrically through the x = 0 line. This happens if the angle between the bipole axis and the x-axis is approximately −45
• or larger. The resulting prominence configuration for the negative shear of −45
• is shown in Figure 6 (middle right). The prominence is disconnected from the rest of the OX flux rope. This is because the portions of the secondary inversion lines not occupied by the feet are now located on the outer edges of the bipole, and extend through the primary inversion line x = 0.
The resulting prominence in Figure 6 (middle right) is viewed from φ = −15
• . This is nearly the same as the viewing angle of the observed prominence in Section 2.3. At this angle, the prominence appears cusp-shaped with a large bubble underneath. The vertical extent of the bubble is ≈7 Mm, while the prominence is ≈25 Mm in height. The general shape of the prominence resembles F1 observed on the limb. However, the observed F1 does not show a bubble below it: there are multiple "openings" separated by prominence material reaching the photosphere. We note that our model is rather simple, with only one parasitic bipole. Inclusion of a multitude of smaller magnetic polarities could produce configurations similar to that observed, while keeping the horizontal extent of F1 the same, since this depends on the total length of the secondary inversion line(s).
The model presented here resembles the cusp-shaped prominence observed by Hinode/SOT on 2007 April 25, analyzed by, e.g., Schmieder et al. (2010) . The 2007 April 25 prominence appears to consist of two similar cusp-shaped prominences, each with a bubble. One of the prominences is in front of the other (Figure 2 in Schmieder et al. 2010) . Therefore, the bubble of the second prominence appears to be partially obscured by one foot of the first prominence. The presence of the obscured bubble can be inferred from the bright rim visible through the prominence material.
The dipped portion of field lines at the top of the cusp of our modeled prominence is very long (several tens of Mm; Figure 7 ). This means that the dips are very shallow. Thus, these dipped portions of the field lines appear to be almost horizontal. Such field lines can account for the "anvil" structure observed in the SDO/AIA 304 Å filter (Figure 2, top left) .
In contrast, the bulk of the prominence contains much shorter dips oriented at small angles with respect to the viewing angle. This creates the illusion of quasi-vertical structure throughout more than half of the prominence altitude. Schmieder et al. (2010) derived line-of-sight and transverse velocities for their observed prominence. These authors found that both these velocities are of the same order, about 5 km s −1 , indicating that the observed fine-structure threads are neither horizontal nor vertical, but highly inclined. If we assume that the prominence plasma is low-β, i.e., the plasma flows are only along magnetic field lines, then our model provides a straightforward explanation for these observed velocities.
We note that the apparent verticality of the dips depends on the viewing angle. To illustrate this, in Figure 7 the resulting prominence is shown viewed from three different angles, φ = 0
• , −45 • , and −90
• . An animation showing the configuration viewed at different φ is available in the online version of the journal. At φ = −45
• , the dips are mostly horizontal and at φ = −90
• , almost all dips are horizontal. Thus, the dips appear to have a vertical component only at 0
e., at about a half of the possible viewing angles. Another conspicuous feature is that the shape of the prominence changes significantly as the long uppermost dips are viewed progressively more and more from the side. Viewed from φ = −90
• , the prominence appears anvil-shaped (or tree-shaped) and horizontal. Such anvil-shaped prominences were observed by, e.g., Labrosse et al. (2010a, uppermost prominence in Figure 6 therein), Labrosse et al. (2010b, leftmost prominence in Figure 2 therein), and Zapiór & Kotrč (2012, Figure 3 therein) . This result illustrates how a large range of prominence shapes can be created with just one simple magnetic structure.
The bubble in this model again contains arcade-like field lines due to the parasitic bipole (pink in Figure 6 ). The pair of null points is present as well. Their fan surfaces constitute the boundary between the bipole arcade and the dipped field lines of the prominence. Due to the shape of the fan surfaces ( Figure 6 , middle right), the distribution of prominence dips does not reach the photosphere, but ends about 3 Mm above it, hence at the top of the chromosphere. The ratio of eigenvalues for these two fan surfaces is 0.43, with the larger eigenvector being perpendicular to the local direction of the separator. Thus, a majority of the field lines diverge from the separator, as can be seen from Figure 6 (middle right). The separator (thick cyan line) outlines the bubble. The geometry of the magnetic field in the immediate neighborhood of the separator is hyperbolic (see the definition in Parnell et al. 2009 ): the separator passes through the boundary between underlying arcade-like field lines and the overlying magnetic dips.
Asymmetric Sheared Configurations with a Secondary Bipole
The previous configurations were created by a single, symmetrically placed bipole. Asymmetric configurations can be produced in a variety of ad hoc changes in any of the bipole parameters. Exploring extensively all the possibilities would be a rather tedious task, not useful for the purposes of this paper. Hereafter, we rather show how a bubble can be produced in a typical asymmetric configuration. To produce an asymmetry, we move one of the polarities, e.g., the negative one, further away from the x = 0 line. At the same time, we decrease the charge of the polarities by a factor of two (e.g., to simulate the effect of a dispersing magnetic field). We note that the charge of the bipole polarities has only a small effect, since the resulting shape of the prominence is primarily given by the existence and shape of secondary inversion line around the bipole polarities.
As the negative polarity is moved away from the x = 0 line, the part of the prominence nearest to it is first distorted and then separates from the rest of the prominence. In Figure 6 (bottom right), the separation can be seen for the negative polarity moved 10 Mm further away in the x-direction from the primary inversion line at x = 0. The bulk of the prominence would now lie close to the positive polarity, and reach down to the photosphere near the secondary inversion line. To create a bubble in this prominence, additional magnetic flux crossing the secondary inversion line is needed. As we do not want to distort the shape of the prominence too much and at the same time create a large enough bubble, the additional flux must be localized and stronger than the flux of the original bipole. This can be achieved simply by adding a secondary bipole, with charges placed at much shallower depth. We chose this depth to be 1 Mm. The charges are chosen so that the maximum photospheric flux does not exceed ≈300 G, which is of the order of typical network flux tubes (see also Section 5.1). A large but shallower bubble still exists for flux weaker up to a factor of two.
The resulting prominence configuration with a large bubble is shown in Figure 6 (bottom). The vertical extent of the bubble is ≈7 Mm, well comparable to the size of the observed bubble (Section 2.2), while the prominence is about 25 Mm in height. The bubble is again found to be associated with a pair of null points with intersecting fan surfaces. The ratio of fan eigenvectors is 0.25 for the negative null point (dark blue lines in Figure 6 , bottom right) and 0.19 for the positive null point (yellow lines). Since the fan field lines are thus strongly oriented along one direction, the separator is extremely difficult to trace by trial and error. We were nevertheless able to build it eventually from two portions of field lines lying very close to it. They are shown in Figure 6 (bottom right) as thick cyan lines with a slight mismatch due to numerical errors. The separator is again found to outline a large portion of the bubble. The prominence is cusp-shaped, asymmetric, and with a lot of dips appearing vertical.
APPLICATION OF THE MODELS TO THE 2011 APRIL 20 PROMINENCE
Prominence Models Viewed Off-limb
The relatively simple prominence models described in Sections 4.2 and 4.3 can be used to represent the observed F1 and F2 prominences (Section 2). The modeled prominences are shown together in Figure 8 (right). Except for the curvature of the left edge of the modeled F2 prominence, it resembles the observed F2 when projected with a limb-view.
The off-limb projection employed in Figure 8 is chosen to mimic the observations. For example, the tilt corresponds to the heliographic latitude of 75
• and the mutual distance of F1 and F2 is assumed to be 70 Mm, as derived in Section 2.1. However, we note that since the model uses Cartesian geometry, the effects of sphericity of the Sun are neglected in Figure 8 . Therefore, Figure 8 cannot match Figure 2 in all its components.
In this figure, the prominence models are shown without (Figure 8, left) and with the secondary bipole (Figure 8, right) producing the bubble in F2. The resulting bubble is denoted by an arrow. The total flux associated with this secondary bipole is ≈15 ×10
19 Mx. We note that Jin et al. (2011) and Jin & Wang (2012) found that strong network polarities with flux between 4.3 and 38 × 10
19 Mx represent about 16% of all network polarities. Therefore, our model predicts the existence of a bubble in an asymmetric sheared configuration only in the presence of strong network polarities. That such polarity is indeed present is supported by the existence of a bright point observed in AIA 304 Å (Section 2.3), since the He ii emission dominating this AIA channel is a good indicator of the photospheric magnetic field concentrations (Ravindra & Venkatakrishnan 2003b) .
Relation to Global Magnetic Field
In the off-limb projection in Figure 8 , the positive-polarity strip created by the Fourier harmonics is located at lower heliographic latitudes than the negative-polarity one. This is in accordance with the observations of the longitudinal magnetic field (Section 2.1) and also in agreement with the polarity of the northern solar pole, which is predominantly negative since its reversal during cycle 23 (Benevolenskaya 2004; Sheeley & Warren 2006) . We note that the polar field reversal happens only around the time of sunspot maximum or later (e.g., Foukal 2004; De Jager 2005; Sheeley & Warren 2006; Minarovjech et al. 2011 , and references therein), and only after the disappearance the polar-crown filaments (e.g., Waldmeier 1957 Waldmeier , 1973 Gopalswamy et al. 2003; Makarov & Filippov 2003) .
Subsequently, the orientation of our sheared bipoles corresponds very well to the observed preferred orientation of bipoles emerging in the filament channel (Chae et al. 2001) . These authors report that the following negative polarities of the bipoles emerging within dextral filament channel are located predominantly southeast of the leading positive polarity (Figures 6-7 in Chae et al. 2001) . Moreover, the average observed separation of the bipole polarities was found to be about 7.4 Mm, in rough agreement with our considered value of 5 Mm.
Based on the above, we conclude that our synthetic magnetograms are based on observationally supported magnetic field configurations. However, we note again that the direct comparison of the fluxes involved is difficult, since the synthetic magnetograms can be scaled arbitrarily without changing the field configuration, and the high polar-crown latitudes do not permit the observed vertical and horizontal field components to be disentangled.
A Scenario for Plume Formation Driven by Separator Reconnection
The existence of a magnetic separator outlining the bubble in cusp-shaped prominences offers two explanations for the observations of bright rims observed at bubble boundaries. The first explanation is magnetic reconnection at the separator. In our model, the vast majority of the prominence dips are oriented antiparallel to the arcade-like field lines of the dipole, with the addition of the "guide field" oriented along the separator, at an angle which is a few tens of degrees off the prominence axis. The second explanation for the bright rim is the piling up of plasma near the separator if the reconnection is slow or absent. The piling up of plasma trapped in dips can happen if the separator is pushed to higher altitudes due to continuing flux emergence. This can happen, since the bubble is observed to rise slowly (Section 2.2). The brightness is then increased because of the increase in column depth of the plasma. Of course, both effects, i.e., piling up of plasma and reconnection, can act at the same time.
Due to the presence of the fan separatrix surfaces, and especially the separator, the observed plumes cannot in our framework be explained without magnetic reconnection. This is an important difference with respect to the work of Hillier et al. (2011 Hillier et al. ( , 2012 , who assume that the magnetic field is vertically invariant, i.e., there are dips everywhere, but dips in the bubble below the prominence are not filled with prominence plasma. In our model, the bubble-associated flux consists of arcade-like field lines of the bipole, which cannot rise into the prominence without reconnection at the separator. We conjecture that plumes can be explained as bundles of reconnected portions of the emerging flux, passing through the prominence. Since the reconnected field should be horizontal, the plume may not be moving only vertically.
According to Parnell et al. (2009) , reconnection at the separator is most effective in locations where the component of the electric current parallel to the separator is large at some finite length. In force-free magnetic field models, the current is large where the magnetic field is large because of Equation (1). The points with high |B| along the separator are obviously located away from the feet-associated null points. For the cuspshaped prominence models presented in Sections 4.2 and 4.3, the highest |B| is in both cases located near the highest point of the separator. The enhanced reconnection rate there could then provide an explanation for the existence of the preferred site of driving plumes, which are often observed to recur at the same point in the bubble-prominence boundary . However, the reconnection rate does in reality depend on the shape of the photospheric driving, e.g., due to the evolution of bipole polarities with respect to the rest of the magnetic configuration. It would be interesting to perform an MHD simulation to determine whether this separator reconnection conjecture for plume formation is valid, and where the preferred reconnection site is.
We note that the reconnection at the separator is unlikely to cause observable brightening of the thin rim in coronal AIA filter lines. The situation is similar to flare observations, where no obvious surplus of EUV coronal emission at the reconnection site is seen. The coronal hard X-ray emission is unlikely to be observed there either, since this occurs in strong flares only. Because our stationary model does not treat either the plasma dynamics (e.g., photospheric driving) or its thermodynamics, we cannot really quantify the observable effects of the reconnection at or near the coronal separator outlining the bubble, or in the plume.
SUMMARY AND CONCLUSIONS
We analyzed Hα and SDO/AIA 193 Å observations of a quiescent polar-crown prominence observed on 2011 April 20 on the northwestern solar limb. The prominence consisted of two cusp-shaped parts, one of which exhibited a well-defined large bubble around 08:30 UT. The bubble was the site of formation and detaching of a large rising plume. To investigate the brightness of the corona in the bubble and plume and its relation to the corona in the vicinity of the prominence, we constructed radial cuts through the prominence, the bubble or plume, the corona containing the prominence cavity, and the corona outside of the prominence. These intensity variations were studied only in the AIA 193 Å channel, since the 131 Å and 171 Å channels are contaminated by the prominence-tocorona transition region (Parenti et al. 2012 ).
We also constructed magnetic field models of the prominences with bubbles. To do that, we assumed the initial existence of a linear force-free magnetic flux rope . This is a well-known method able to explain many of the features of observed filaments and even predict their shapes. Here, it was applied for the first time to model an observed prominence. Since the observed prominence is located close to the northern solar pole, we were unable to use the observed longitudinal photospheric magnetograms for the construction of the model. Instead, we created synthetic models, where the flux rope was perturbed by parasitic bipoles, leading to formation of secondary inversion lines, portions of which are occupied by prominence feet.
The main results are as follows. 1. Perpendicular cuts to the limb crossing the bubble, the plume, the prominence, and the cavity have demonstrated that the bubble and the plume have an emission lower than the corona neighboring the prominence. The brightness of the bubble and the plume are similar to the brightness of the coronal cavity. This impression of brightness excess in AIA 193 Å images is just due to the fact that bubbles and plumes are inserted in dark prominences. So, plumes and bubbles could be just gaps or windows in the prominence, at least in this particular prominence, through which the "ambient corona"/cavity is observed. 2. Part of the flux of the inserted parasitic bipole crosses the large-scale inversion line underneath the flux rope and creates a bubble in the prominence. This flux has an arcade geometry, while the prominence consists of magnetic dips. Therefore, the existence of prominence bubbles is connected to a pair of magnetic null points associated with the prominence feet. The fan surfaces of these null points intersect, forming a separator. This separator outlines the bubble underneath the modeled cusp-shaped prominences. It allows for an explanation of the commonly observed bright rims below prominences. Reconnection at the separator can also be the mechanism driving plumes. 3. If the bipole is sheared so that the feet are brought together, the resulting prominence has a cusp and is detached from the rest of the flux rope. The cusp is visible when viewed at a small angle with respect to the prominence axis. The field lines in the cusp are very long, up to several tens of Mm, while the dips in the bulk of the prominence are much shorter. When viewed nearly along the prominence axis, i.e., along the dips, as is the case for the observed prominence, the dips appear as vertical structures. This offers an explanation for both the observed vertical structuring and the observed radial and transverse velocities in a cusp-shaped prominence of Schmieder et al. (2010) . When viewed at larger angles, the prominence exhibits different shapes, including an anvil-shaped one consisting of apparently horizontal structures. Therefore, a large range of observed prominence shapes can be created with just one simple magnetic configuration. 4. Bubbles in asymmetric prominence configurations exist if a strong secondary bipole is present. The required flux of this bipole is well comparable with the typical strong network polarities. The presence of such a polarity in connection with the bubble can be inferred from the AIA 304 Å observations. The bottom line is twofold: first, the AIA data do not provide conclusive evidence for an excess of coronal plasma inside the bubble or plume, required for the occurrence of the Rayleigh-Taylor instability (as modeled by Hillier et al. 2011 Hillier et al. , 2012 . Second, the topological structure of the prominence bubbles is rather complex even for very simple photospheric magnetic field configurations. Prominence bubbles are created by arcades with an associated pair of null points connected by the separator. Therefore, we conclude that the separator-reconnection scenario, that is very different from the Rayleigh-Taylor instability scenario, may naturally explain the bubble and plume formation.
